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CHAPTER I 
INTRODUCTION 
 
1.1  Introduction 
In the field of information optics, correlation-based pattern recognition has 
been widely implemented by using joint transform correlator (JTC). The reason for 
this interest is that the JTC can be implemented in the real time, because it does not 
require a prior synthesis of matched spatial filters (Jutamulia, 2003; Alsamman and 
Alam, 2003; Widjaja, 2007). In the optical implementation of the real-time JTC (Yu, 
Jutamulia, Lin and Gregory, 1987) a target image detected by a charge-coupled device 
(CCD) camera and a reference image stored in a computer system are displayed side-
by-side onto an electrically-addressed spatial light modulator (EASLM) placed in a 
front focal plane of a Fourier transforming lens. By illuminating the EASLM 
perpendicularly with a coherent collimated beam, the displayed joint input images are 
optically Fourier transformed by the lens. As a result, the joint power spectrum (JPS) 
generated at the back focal plane of the lens is recorded by a CCD sensor. Finally, a 
correlation output is generated by redisplaying the recorded JPS onto the same EALM 
in order to be optically Fourier transformed. 
However, the JTC performance has several limitations such as firstly, the time 
delay caused by a serial process of displaying the target and the reference images onto 
the EASLM is determined by file size of the images. Secondly, the JTC is sensitive to 
an inherent rotation and scale variances of the target. Therefore, a database of 
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the reference images must contain all possible variations of the rotation and the scale 
changes of the target.  
In order to solves these problems, the reference images is compressed by using 
digital image compression such as that developed by the Joint Photographic Experts 
Group (JPEG) (Widjaja and Suripon, 2004). Therefore an implementation of the real-
time JTC by using the compressed reference images can reduce the time delay in 
transferring the image from the computer system to the EASLM and the stringent 
storage requirement for storing the database. 
To verify feasibility of the proposed method, biometric recognition by using 
human face and fingerprint images with different contrast and noise as test scenes has 
been studied (Pennebaker and Mitchell, 1993; Widjaja and Suripon, 2005; Widjaja 
and Suripon, 2006). The results show that although the compressed human face 
reference has small file size, the recognition using the proposed JTC gives better 
performance than that for the fingerprint recognition such that dependencies on 
contrast difference, noise level and compression quality are not significant. This is 
because the human face image contains less high-spatial-frequency components than 
the fingerprint does. When the human face image is used as the reference, an impulse 
response of the JTC becomes broader than the use of the high-contrast fingerprint as 
the reference. Consequently, degradation of the broad correlation signal caused by the 
contrast difference, noise and compression is less significant compared to that of the 
narrow correlation signal. Therefore, the proposed compression-based JTC (CBJTC) 
is suitable for recognition of biometrics having low spatial-frequency components 
such as retina images. 
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Furthermore, retina image is one of the most reliable and stable for identity 
authentication (Hill, Jain, Bolle and Pankanti, 1999; Jain, Ross and Prabhakar, 2004). 
This is because retina is rich in unique blood vessels and it is located at the back of 
eyes. Therefore, it is impossible to counterfeit retina images without cooperation from 
subjects or without using special recording instruments such fundus cameras which 
employs a high resolution image sensor. Since characteristics of human face and 
retina images are different, it is important to study feasibility of the retina recognition 
by using our proposed method.  
 
1.2  Significance of Study 
In this thesis work, retina recognition by using the JTC with compressed target 
and reference images is experimentally studied. The advantages of this work are that 
first by compressing both images, the image transfer time of the JTC can be further 
improved. Second, the compression of the noisy target can reduce noise (Al-Shaykh 
and Mersereau, 1998). Thus, the recognition performance can be further improved. 
Third, the proposed method can be applied to development of tele-ophthalmology 
(Basu et al., 2003; Conrath et al., 2007) where compressed retina images taken in 
remote areas are transmitted through telecommunication network to a regional center 
for screening by medical specialists. For these reasons, our proposed method can be 
used for both security recognition and initial screening of development of eye 
threatening diseases via a comparison of the recorded retina images taken at different 
time period (Kertes and Johnson, 2007). The present work focuses on experimental 
verifications of the retina recognition. The work takes into account a presence of an 
additive noise in the input target caused by an imperfect image acquisition system. 
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Although the conventional JTC can be employed to implement real-time 
pattern recognition, it has broad of correlation width and contains a strong zeroth-
order term of the correlation output. In order to improve the retina recognition 
performance, a compression-based joint wavelet-transform correlator (CBJWTC) is 
proposed by incorporating wavelet filters into the CBJTC (Widjaja, 2010). 
 
1.3  Research Objectives 
 1.3.1  To study experimentally the retina recognition by using the CBJTC. 
  1.3.2  To study effects of the JPEG compression of the retina target and 
reference images on the retina recognition in situation that the target is corrupted by 
additive Gaussian white noise. 
 1.3.3  To improve the retina recognition performance of the CBJTC by 
incorporating wavelet filters. 
 
1.4  Scope and Limitation of the Study 
This thesis studies experimentally the retina recognition by using the JTC with 
JPEG-compressed target and reference images. The recognition performance is 
studied by using high-contrast retina images with different noise level. The scope and 
limitations of the study are defined as follows.  
- Image compression scheme 
 The ACD See software will be used to compress the reference and the target 
images into the JPEG format with various compression qualities. The quality is 
determined by QF whose value can be varied form 0-100. The higher the QF, the 
better the quality of the compress image will be.  The reason for using the JPEG is that 
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it is one of the digital image compression standards and its format is widely supported 
by CCD sensors. 
- Retina image 
Original retina images are recorded by using a non mydriatic autofocus fundus 
camera (Nidek AFC-210). To have better contrast, a green channel of captured image 
is converted into 8-bit gray scale image. An area of 124  168 pixels around an optic 
disc is selected and use as test scene with file size of 101 Kbytes. 
- Measure of correlation output 
The correlation output is quantitatively measured by using a ratio of the 
correlation peak intensity to the standard deviation (SD) of the correlation intensity 
(PCD). 
- Retina recognition procedure 
In order to study experimentally the recognition performance of the CBJTC, a 
research procedure shown in Fig. 1.1 is implemented. The retina images are captured 
by using a non mydriatic autofocus fundus camera and duplicated into the target and 
the reference images. The Gaussian noises generated by using the IMNOISE 
command of MATLAB program are added to the retina targets. The retina target and 
the reference images are compressed into the JPEG format by using the ACDsee 
software with different compression levels. The retina recognition by using the 
CBJTC and the CBJWTC are then experimentally verified by using 2-f optical set up. 
The correlation outputs are quantitatively measured by using the PCD. 
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Figure 1.1 Diagram of the retina recognition by using the CBJTC and the CBJWTC. 
 
1.5  Organization 
This thesis consists of six chapters of which this is the first chapter. Chapter II 
reviews the concept of optical pattern recognition by using the JTC. The review starts 
with the principles of optical Fourier transform and is continued by discussing the 
classical JTC and the joint wavelet transform correlator (JWTC). In Chap. III, JPEG 
algorithm and an objective measure of image quality are presented. Chapter IV 
discusses the experimental verifications of the noisy retina recognition by using the 
CBJTC. Chapter V presents the improvement of the retina recognition by using the 
JWTC. Finally, the conclusions of the thesis are presented in Chapter VI. 
Quantify correlation performance 
JPEG compression 
of target images 
JPEG compression 
of reference images 
Perform joint transform correlator 
and 
joint-wavelet transform correlator 
Target images 
- noise-free images 
- noisy images 
Reference images 
- noise-free images 
 
Retina images  
 
 
 
 
 
 
 
 CHAPTER II 
OPTICAL PATTERN RECOGNITION BY USING JOINT 
TRANSFORM CORRELATOR 
 
In this chapter, we review the concept of optical pattern recognition by using 
the JTC. The optical implementation of the joint transform correlator by using the 
Fourier transforming properties of a spherical lens is firstly reviewed. The 
implementation of the JTC by using wavelet filter is then discussed. 
 
2.1  Introduction 
A correlation operation measures a similarity of two input functions. In its 
implementation, a correlation of two functions that are the target and the reference 
images, can be obtained by taking an inverse Fourier transform of a product of the 
Fourier spectra of the two images. A height and sharpness of the correlation output 
give a degree of similarity between the two images. 
In the field of information optics, correlation-based pattern recognition has 
been widely implemented by using coherent optical processing. A matched spatial 
filter is the first optical architecture proposed by Vander Lugt to perform image 
correlations (Lugt, 1964). However, the Vander Lugt correlator has drawbacks in that 
firstly it requires a prior fabrication of the matched spatial filters used in the 
correlation process. Note that the matched spatial filters are fabricated by recording an 
interference of a Fourier spectrum of the reference image and a plane reference 
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wave. Secondly, it requires a stringent alignment of the fabricated filters. On the other 
hand, the joint transform correlator does not require the interferometric fabrication of 
the matched spatial filters (Goodman, 1996) when it is implemented in conjunction 
with an EASLM, the joint transform correlator can be used for real-time pattern 
recognition. 
 
2.2  Optical Fourier Transform 
The optical implementation of the Fourier transform is based on the scalar 
diffraction theory and wave propagation of coherent light. The optical Fourier of a 
spatial mask with an amplitude transmittance ),( yxg  can be done by using a positive 
lens shown in Figure 2.1. By illuminating perpendicularly the mask placed at one 
focal length f  in front of the lens with a coherent plane wave, the amplitude 
distribution generated at one focal length behind the lens can be mathematically 
expressed as (Goodman, 1996) 
 
  )1.2(,2exp),(1),( dxdyyvxu
f
jyxg
fj
vuG  



 









 
 
where  is the wavelength of the coherent light and ),( vu  are the coordinates in the 
horizontal and the vertical directions at the back focal plane known as the Fourier 
plane. 
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Figure 2.1 A schematic diagram of an optical setup for implementing the Fourier 
transform of the spatial mask ),( yxg  by using a positive lens (Widjaja, 
2006).  
 
2.3  Joint Transform Correlator 
A basic operation of the joint transform correlator consists of a two-step 
process. The first step is the generation of the JPS of the target and the reference 
images by using the optical Fourier transform shown in Figure 2.2 (a). The target 
),( yxt  and the reference ),( yxr  images are placed side-by-side on the input plane
).,( yx  This joint input image can be mathematically expressed as 
 
)2.2(,),(),(),( 00 yxxtyxxryxf 
     
 
where 0x  and 0x  are the position of the reference and the target images in the x
direction at the input plane. By illuminating the joint input image with a coherent 
 
 
 
 
 
 
 
 
10 
collimated beam, the Fourier spectrum of the joint input image is generated at the 
Fourier plane as 
 
      )3.2(,2exp,2exp,1, 00 








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

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



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f
ux
jvuT
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jvuR
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vuF





 
where  vuR ,  and  vuT ,  are the Fourier transforms of the reference and the target 
images, respectively. 
 
 
Figure 2.2 A schematic diagram of an optical setup for implementing the joint 
transform correlator. (a) A generation of the joint power spectrum and (b) 
a generation of the correlation output (Goodman, 1996). 
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In Eq. (2.3), the exponential terms are caused by the spatial translation of the joint 
input image at the input plane. The intensity of this complex field distribution 
recorded on a photographic film or light-sensitive recording medium can be 
mathematically expressed as 
 
 
   
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
 
In Eq. (2.4), the last two terms are associated to the multiplications of the Fourier 
spectra of the reference and target images.  
In the second step, the recorded joint power spectrum is Fourier transformed in 
order to generate the correlation output. This is done by placing the recorded power 
spectrum in the input plane of the optical setup shown in Figure 2.2 (b). The Fourier 
transform by the lens L4 gives the correlation output 
 
         
     
       5.2,2,,
2,,
,,,,
1
,
0
*
0
*
**
xxyxryxt
xxyxtyxr
yxtyxtyxryxr
f
yxg






 
where denotes the convolution operation and  is the complex conjugate. The first 
two terms in Eq. (2.5) give the zeroth-order peak appeared at the origin. They 
correspond to the sum of the autocorrelations of the reference and the target images. 
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The last two terms are the desired cross-correlations of the input target and the 
reference images which appear at the positions 02x  and 02x  on the correlation 
plane, respectively.  
The position of the correlation terms in Eq. (2.5) is shown in Figure 2.3. The 
cross-correlation terms are separated from the zeroth order terms by .2 0x  If tW  and 
rW  represent the maximum width in the x direction of the target and the reference, 
respectively, the zeroth-order component occupies an area between  rt WW ,max  
and  rt WW ,max . Whereas, the cross-correlation components extend from 
  2/2 0 rt WWx   to   2/2 0 rt WWx  . Therefore, in order to separate the 
desired terms from the zeroth-order term, the following conditions must be satisfied 
 
 rtrt WW
WW
x 

 max
2
2 0  
  or 
                  
 
  .
2
max2 0
rt
rt
WW
WWx

                                    (2.6) 
 
Finally, by measuring the height and the sharpness of the desired cross-correlation 
output, the degree of similarity between the target and the reference can be finally 
determined.  
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Figure 2.3 Locations of the correlation terms at the correlation plane (Widjaja, 2006). 
 
2.4  Wavelet Transform 
Wavelet transform (WT) is one of the most popular techniques in images 
processing. It has been widely applied into many real-world problems of pattern 
recognition, images compression and signal detection, because the WT can be used to 
analyze non-stationary signals in space and frequency domain. The WT of a 2-D 
signal ),( yxf  (Allen and Rabiner, 1977) is defined as  
 
 
,),(),(),,,(  




 dxdyyxhyxfbbaaW yxyx bbaayxyxf                           (2.7) 
 
where ),( yxh
yxyx bbaa
  is the complex conjugate of the daughter wavelet ),( yxh
yxyx bbaa
 
generated by dilation ),( yx aa  and translation ),( yx bb  of the mother wavelet ).,( yxh  
A daughter wavelet (Roberge and Sheng, 1994) is defined as  
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
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The mother wavelet ),( yxh  must satisfy the admissible condition (Young, 1993) such 
as  
 
                                          0),(
2
vuH  for ,0 vu                                      (2.9) 
and                                          .0),( 


dxdyyxh                                             (2.10)  
 
This condition shows that the mean of the mother wavelet must equal to zero or its 
spectrum ),( vuH  has a zero dc component. The corresponding Fourier transform of 
the daughter wavelet ),(, vuH ba (Marr and Hildreth, 1980) is given by  
 
   
  .)](2exp[),(),( ),( ,, vbubivauaHaayxhvuH yxyxyxbaba  F               (2.11) 
  
In the Fourier domain, the WT defined by Eq. (2.7) becomes  
 
)12.2(,)](2exp[),(),(),,,(  




  dudvvbubivauaHvuFaabbaaW yxyxyxyxyxf 
 
where ),( vuF  and ),( vauaH yx  are the Fourier transform of the signal ),( yxf and the 
daughter wavelet ),,( yxh
yxyx bbaa
 respectively.  
One of the useful wavelet functions is the Mexican-hat wavelet which is a 
second derivative of a Gaussian function. The 2D Mexican-hat wavelet is given by 
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where the Gaussian function has the form of 
 





 

2
22
2
exp
2
1
),(

yx
yxG                                               (2.14) 
 
with   is the standard deviation of the distribution. The plots of the Mexican-hat 
function and its Fourier transform are shown in Figures 2.4 (a) and (b), respectively. 
In Figure 2.4 (a), the Mexican-hat function has a high peak at the origin and two 
negative lobes located on the other sides of that peak. The mean value of this function 
is zero, while its spectrum shown in Figure 2.4 (b) has zero dc component. This means 
that the Mexican-hat wavelet function can localize frequency information of the signal 
being analyzed.  
Figure 2.5 shows the Fourier spectrum of the Mexican-hat wavelet ),( vuH a  as 
function of the dilation factor. When the mother wavelet is dilated by a small factor 
,a  the wavelet filter is expanded which results in a high center frequency and wide 
bandwidth. 
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Figure 2.4 (a) The Mexican-hat mother wavelet and (b) its power spectrum. 
h(
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Figure 2.5 Power spectra of the Mexican-hat wavelet for different dilation factors. 
 
When a is large, the wavelet filter is compressed with low center frequency and 
narrow bandwidth.  In the WT concept, the wavelet function corresponds to a band-
pass filter which operates at constant relative the bandwidth so-called constant-Q 
factor  
 
                                            
u
u
Q

 0 .                                                            (2.17) 
 
Here, 0u is the center frequency and u denotes the bandwidth. If the spatial width 
and the bandwidth of the wavelet function are regarded as the spatial and the 
frequency resolutions, respectively. The small dilation factor corresponds to the 
wavelet analysis with high spatial resolution and low frequency resolution. Whereas 
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the large dilation factor gives a wavelet analysis with low spatial resolution and high 
frequency resolution. This property is known as the multi-resolution of the WT. 
 
2.5  Wavelet Transform Correlator 
Wavelet transform correlator (WTC) can be used to improve recognition 
performance of the conventional JTC. This is because the multi-resolution property of 
the WT can detect multi-scale edge features of signals (Mallat and Hwang, 1992; 
Mallat and Zhong, 1992). Since edges provide boundaries which are significant 
images features, the edge enhancement by using the WT can be useful for the pattern 
recognition.  
The WTC is the correlation between the WT of the target signal and the 
reference signal (Sheng, Roberge, Szu and Lu, 1993). 
 
  )18.2(,),,,(),,,(),,,(  




  yxyxyxryxyxfyx dbdbybxbaaWbbaaWyxaac  
 
where ),( yxW f and ),( yxWr are the wavelet transforms of the target ),( yxf and 
reference image ),( yxr , respectively. The WTC in the Fourier domain (Widjaja, 
2003) can be calculated as  
 
)19.2(,)](2exp[),(),(),(),,,(
2
dudvyvxuivauaHvuRvuFyxaac yxyx   
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where ),( vuF , ),( vuR , and ),( vauaH yx  associate with the Fourier transforms of the 
target ),( yxf , the reference ),( yxr , and the daughter wavelet function ),,( yxh
yxyx bbaa
 
respectively.  
 
 
 
 
 
 
 
 
 
 CHAPTER III 
JPEG IMAGE COMPRESSION 
 
JPEG is an acronym for joint photographic experts group which is a 
compression algorithm widely employed by image sensors. The JPEG algorithm gives 
a higher compression level than a lossless compression algorithm. In this chapter, the 
algorithm of the JPEG compression is reviewed in Sect. 3.1.  In image compressions, 
quality of the compressed image is measured by a parameter called the quality factor 
(QF). The higher the QF implies the better the quality of the compress image. In Sect. 
3.2, the JPEG compression of retina images is discussed. Finally, the measures of 
image quality are presented in Sect. 3.3. 
 
3.1  JPEG Compression Scheme 
The JPEG algorithm is one of the most widely used image compression 
standards which is designed for either full-color or gray scale digital images. This 
algorithm exploits a limitation of the human eye in perceiving small color and 
intensity variations. The basis of the JPEG algorithm is to remove high spatial 
frequency components by means of a discrete cosine transform (DCT) (Pennebaker 
and Mitchell, 1993). Figure 3.1 shows a block diagram for implementing the JPEG 
algorithm. First, picture elements of the image to be compressed is divided into blocks 
of 8×8 pixels. Second, the DCT is applied to each block to produce its spatial 
frequency components The transform generates 1 DC and 63 AC components of 
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spatial frequency. The DC frequency component represents the average value in the 
block, while the AC terms represent intensity changes within the block. As the high- 
and low-frequency components are separated out, the high-frequency components are 
easily removed without affecting the low-frequency information. Third, each of the 64 
DCT components is quantized in conjunction with a quantization table. This is done in 
such a way that high spatial-frequency components are quantized with higher 
quantization coefficients than the lower spatial-frequency ones. After the quantization, 
the results are rounded to integers. This causes irretrievable loss of information. As a 
consequence, the AC components almost vanish. Fourth, the 64 quantized frequency 
components are encoded by using a combination of run-length encoding and Huffman 
coding. 
 
Figure 3.1 A block diagram of the JPEG encoder (Salomon, 1998). 
 
3.2  JPEG Compression of Retina Images 
In order to study the effect compression on the recognition performance of the 
joint transform correlator, the original retina image shown in Figure 3.2 (a) was 
recorded by using a non mydriatic autofocus fundus camera (Nidek AFC-210). To get 
a better contrast, a green channel of the captured image was converted into an 8-bit 
gray scale image. An input image around an optic disc with an area of 124  168 
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pixels was used as the test scene with file size of 101 Kbytes. This input image was 
duplicated as the target and the reference images shown in Figure 3.2 (b). 
 
 
 
Figure 3.2 The retina images. (a) The original and (b) the test images. 
 
They were compressed into the JPEG format by using the ACDSee Photo 
Manager version 3.1 software (ACD systems, Ltd.) with various compression 
qualities. In this software, the QF of the compressed images is varied from 0 to 100. A  
 
 
 
 
 
 
 
Figure 3.3 Retina images compressed with the QF equals to (a) 0, (b) 10, (c) 40 and  
(d) 100. 
(a) (b) 
QF = 0 QF = 10 QF = 40 QF = 100 
(a) (b) (c) (d) 
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large value of the QF discards less information than that of the small value. Thus, the 
higher the value of the QF, the better the image quality and the bigger the file size of 
the compressed image. Figure 3.3 shows the retina images compressed with the QF= 
0, 10, 40 and 100. The regular pattern of visible block boundary which appears at the 
low QF is called the blocking artifacts (Pennebaker and Mitchell, 1993). Figure 3.4 
shows the compression ratio (CR) defined as the file size ratio of the original to the 
JPEG compressed images as a function of the QF. It is clear that the CR becomes 
higher as the QF decreases, because the high compression ratio corresponds to the 
small file size of the compressed image.  
 
 
Figure 3.4 The compression ratio of the JPEG compressed high-contrast retina images 
as function of the QF. 
 
3.3  Measures of Image Quality  
In image processing, the peak signal-to-noise ratio (PSNR) is generally used 
for measuring the quality of the image compression. The PSNR is the ratio between 
the maximum possible pixels value and the mean-squared error of the differences in 
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the pixel values between the corresponding pixels of the two images (Yang, Zhang 
and Mitra, 1999) 
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where ),( jif  and ),( jif c  are the original and the compressed images with 
dimensions of NM   pixels, respectively. For 8 bits gray scale images, ),( yxf  has 
integer values between 0 and 255. Therefore, 255 is the maximum possible pixels 
value. This formula shows the degree of similarity between the original and the 
compressed images. A larger PSNR indicates that the degree of similarity between the 
original and the compressed images is higher or better the quality of the compressed 
images. Figure 3.5 shows the PSNR of the compressed retina images as a function of 
the compressed retina images as a function of QF. The PSNR becomes lower as the 
QF decreases. This is because as the QF becomes smaller, more information is 
discarded by the compression. Consequently, the degree of similarity decreases. 
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Figure 3.5 The compression ratio of the JPEG compressed high-contrast retina images 
as function of the QF. 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER IV 
REAL-TIME JOINT TRANSFORM CORRELATOR 
USING COMPRESSED IMAGES 
 
This chapter reports the experimental verifications of the retina recognition by 
using the joint transform correlator with the JPEG-compressed reference image 
(Widjaja and Kaewphaluk, 2014). The recognitions of the compressed noise-free and 
noisy targets are compared with the ones without compressions. The experimental 
results show that the recognition performance of the CBJTC can be improved by 
compressing the noisy targets. This is because loss of the high spatial-frequency 
components of the retina target does not only reduce the target file size but also the 
noise. In Sect. 4.1, the principle of the real-time JTC by using the compressed images 
is described. The experimental setup for implementing the real-time JTC with the 
compressed images is presented in Sect. 4.2. The last three sections discuss the 
experimental recognitions of the compressed noise-free and noisy targets. 
 
4.1  Introduction 
In the past decades, optical devices such as a magneto-optic device, a liquid 
crystal television, an EASLM and a CCD sensor have been used for real-time 
implementation of the JTC (Yu and Lu, 1984). The reason for this interest is that they 
can display the joint input image and record the JPS, replacing photographic films.  
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When the JTC is implemented by using the EASLM, a process of displaying 
the images from the computer system to the EASLM causes time delay which is 
dependent upon file size of the images. Besides this problem, considerable storage 
will be required for storing a database of the reference images. To solve these 
problems, the JPEG compression is applied to reduce file size of the retina images. 
Therefore, the implementation of the real-time JTC by using compressed retina 
images has advantages in that it reduces the recognition time and the storage 
requirement of the database.  
A schematic diagram of the optical setup for implementing the real-time JTC 
by using compressed retina images is shown in Figure 4.1. The retina target image is 
captured by the CCD camera, while a set of reference images is stored in the computer 
system. In order to do the correlation, the joint image of the compressed target 
),( yxtC  and reference ),( yxrC  are projected side-by-side onto the EASLM placed in 
the front focal plane of the Fourier transforming lens L1. The joint compressed image 
(Widjaja and Suripon, 2011) can be expressed as  
 
),(),(),(),( 000 yxxnyxxtyxxryxf CCC  ,      (4.1) 
 
where ),( yxnC  corresponds to the additive white Gaussian noise. Under illumination 
of a coherent collimated beam with a wavelength , the displayed images are optically 
Fourier transformed by the lens L1. The joint Fourier spectrum ),( vuF  obtained at the 
Fourier plane can be expressed as 
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)2.4().2exp(),()2exp(),()2exp(),(),( 000 uxjvuNuxjvuTuxjvuRvuF CCC  
 
Here, ),,( vuRC  ),( vuTC  and ),( vuNC  are the Fourier spectra of the compressed 
reference ),,( yxrC  the compressed target ),( yxtC  and the noise ),,( yxnC  
respectively. 
 
 
Figure 4.1 A schematic diagram of an optical setup for implementing the real-time 
JTC by using compressed retina images. 
 
The intensity distribution of the joint power spectrum ),( vuI  recorded by a CCD 
sensor is mathematically equal to 
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In Eq. (4.3), the terms ),(),( * vuTvuR CC  and ),(),(
* vuRvuT CC  are the products between 
the Fourier spectra of the compressed reference and target images. These terms 
produce the desired correlation. By redisplaying the recorded JPS onto the EASLM, 
the Fourier transformation by the lens L1 gives the correlation output at the back focal 
plane as 
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The sixth, the seventh, the eighth and the ninth terms of Eq. (4.4) can be expressed as  
 
.)2(),(),()2(),(),( 00 xxyxnyxrxxyxtyxr CCCC                 (4.5) 
 
The first term of Eq. (4.5) is the desired correlation output of the compressed 
reference ),( yxrC  and the compressed target ).,( yxtC  The second term is unwanted 
correlation output of the compressed reference ),( yxrC and the compressed noise
).,( yxnC  The both of correlation terms appear at the same positions 02x  on the 
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correlation plane ),( yx . It implies that besides the image qualities of the compressed 
reference and the compressed input target, the correlation output depends also on the 
compressed noise. Therefore, it is important to study the effects of image compression 
on the JTC. 
 
4.2  Experimental Verifications 
The experimental setup for implementing the real-time JTC by using the 
compressed reference and target images is depicted in Figure 4.2. The coherent light 
was generated from a He-Ne laser (Uniphase: 1507P-0) operating at a wavelength of 
632.8 nm. A beam expander BE was constructed by combining a 20x microscope 
objective lens with focal length f = 8.3 mm, a 25 µm pinhole aperture used to clean up 
the spatial profile of the laser beam, and a positive lens with a focal length f = 300 
mm. The resultant collimated beam had a diameter of about 36 mm. The beam was 
then used to illuminate the EASLM (Jenoptik SLM-M/460) with resolution of 832 × 
624 pixels, pixel pitch of 32 m × 32 m and pixel size of 27 µm × 23 µm placed at 
the front focal plane of the Fourier transform lens 1L  with focal length f = 300 mm. 
The joint power spectrum at the back focal plane of the lens 1L  was detected by an 
eight-bit CCD sensor (PULNIX TM-2016-8) having pixel resolution of 1920 × 1080, 
pixel size and pitch of 7.4 µm × 7.4 µm. To reduce clipping of cosine fringes of the 
JPS from the high intensity of laser beam, a neutral density filter or ND filter with the 
optical density of about 2.2 was placed in front of the laser source. This is because the 
dynamic range of the sensor is limited. 
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Figure 4.2 The experimental setup for implementing the real-time JTC with the 
compressed images.  
 
The retina target without noise and corrupted by the noise with variance 2 = 
0.01 and 1 are shown in Figure 4.3. They consisted of 124 × 186 pixels. All of the 
Gaussian noises were generated by using the IMNOISE command of the MATLAB 
software. In comparison with the noise-free images, it is clear that the degree of image 
degradation is the highest for the noise with variance 2 = 1. 
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Figure 4.3 Retina images: (a) without noise and corrupted by (b) weak (2 = 0.01) and 
(c) strong (2 = 1) noises. 
 
By displaying the target and the reference retina images side by side onto the EASLM, 
its JPS was captured by the CCD camera. The resultant JPS is shown in Figure 4.4. 
The fringe pattern caused by the interference between the target and reference beams 
can be obviously observed from the enlarged zeroth order of the JPS with the size 
300 × 300 pixels shown in Figure 4.4 (b). The intensity of the zeroth order of the JPS 
is brighter than that of the higher order. Owing to the modulation of a broad sinc 
function, the zeroth-order of the JPS has the highest intensity, while the higher orders 
are attenuated. 
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(a) 
 
(b) 
 
Figure 4.4 (a) The zeroth-order of the JPS of two identical noise-free retina images 
and (b) its enlarged zeroth order of the JPS.  
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The correlation output was generated by redisplaying the zeroth order of the JPS 
shown in Figure 4.4 (b) on to the EASLM. Figure 4.5 shows the correlation output of 
the identical uncompressed retina images generated by the setup shown in Figure 4.2. 
 
 
Figure 4.5 Autocorrelation output of the uncompressed retina image. 
 
There are three bright spots along the horizontal direction. The center spot is the 
brightest than the other spots. According to Eq. (2.5), it corresponds to the first two 
terms of the JTC output which are the autocorrelation of the compressed target and 
that of the compressed reference. The other two spots represent the cross correlation 
outputs of the target and the reference images which are separated from the center spot 
by .2 0x  The correlation quality of the JTC output is quantified by measuring the ratio 
of the correlation peak intensity to the standard deviation (SD) of the correlation 
intensity (PCD) (Roberge and Sheng, 1994) given by  
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Here, max),( jiI is the maximum intensity of the correlation output, while  ),( jiIE  is 
the mean of the correlation intensity. If the target matches the compressed reference, 
the correlation function has a sharp peak, and its standard deviation is small. Thus, the 
PCD is large. If it does not match, the correlation output is broad and its peak is low. 
Since the standard deviation is large, the PCD is small. In order to compare the 
recognition performance at the various of the targets screens, each PCD is normalized 
by the value of the autocorrelation of the noise-free retina image obtained by the 
conventional JTC. 
 
4.3  Compressed Noise-Free Retina Targets 
In order to study the effect of the various compression levels on the 
recognition performance of the JTC, the noise-free targets were firstly employed. The 
three-dimensional (3-D) plot of the autocorrelation of the uncompressed retina image 
is shown in Figure 4.6 (a). The retina recognitions by using the compressed reference 
with QF = 100 are shown in Figures 4.6 (b), (d) and (f) respectively, while Figures 4.6 
(c), (e) and (g) show the results by using the compressed referenced with QF = 10. In 
Figures 4.6 (b) and (c), the targets were the uncompressed retina images. As a 
consequence, the correlation peaks are lower and broader than that of the 
autocorrelation output shown in Figure 4.6 (a). This is caused by the information loss 
of the compressed reference images. In comparison with Figure 4.6 (c), the 
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compression of the reference by the QF = 100 gives higher correlation peak as shown 
in Figure 4.6 (b). It implies that the effect of the reference compression on the retina 
recognition is significance. 
 
(a) 
 
(b)                                                                   (c) 
 
Figure 4.6 Experimental results of the retina detections by using the proposed JTC. 
(a) Autocorrelation of the uncompressed retina. Cross-correlation outputs 
of the uncompressed retina target and the reference compressed with QF 
(b) 100 and (c) 10.  
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(d)                                                                (e) 
 
(f)                                                                 (g) 
 
Figure 4.6 (Continued) Cross-correlation outputs of the compressed retina target with 
QF = 40 and the compressed reference with QF (d) 100 and (e) 10. Cross-
correlation outputs of the compressed retina target with QF = 10 and the 
compressed reference with QF (f) 100 and (g) 10. 
 
In a situation of the retina target was compressed with the QF = 40, the 
correlation peak obtained by using the retina reference compressed with the QF = 100 
is higher than that compressed with the QF = 10 as shown in Figures 4.6 (d) and (e), 
respectively. Furthermore, when the retina target is compressed with the QF = 10 and 
the reference compressed with the QF = 10 shown in Figure 4.6 (g), the target matches 
to the reference. The autocorrelation of the compressed retina occurs. The correlation 
peak reduces slightly in comparison with the autocorrelation of the uncompressed 
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noise-free retina shown in Figure 4.6 (a). However, it is higher than Figure 4.6 (f) 
which corresponds to the cross-correlation operation with the reference compressed 
with the QF = 100. Therefore, the experimental results show that the retina recognition 
can be implemented although the target and the reference images are both compressed. 
Figure 4.7 shows the variation of the normalized PCDs as a function of the QF 
of the compressed reference for different target compressions. The normalization is 
done by using the PCD of the autocorrelation of the uncompressed noise-free retina 
image. It can be seen that the normalized PCDs of the uncompressed retina target 
become gradually higher as the QF of the reference image increases. This is because 
the degree of similarity between the target and reference images becomes higher.  
 
 
 
Figure 4.7 The normalized PCD of the noise-free retina recognition as function of the 
QF of the compressed retina reference for different compression of the 
targets. 
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When the target is compressed with the QF = 10, its normalized PCD reaches 
maximum at the QF = 10, because the target and the reference retina images are 
identical. For the same reason, the PCD of the compressed target (QF = 40) has a 
maximum at the QF = 40. However, the PCDs of the compressed noise-free target 
with the QF = 40 is slightly higher than that of the compressed noise-free with the QF 
= 10. The reason for this is that the effect of the target compression with the QF = 40 
is less severe than that of the QF = 10. 
 
4.4  Compressed Retina Targets Corrupted By Weak Noise  
Figures 4.8 (a) – (f) show the 3D recognition outputs of the retina target 
corrupted by the weak noise with variance 2 = 0.01. Figures 4.8 (a), (c) and (e) 
corresponds to the retina recognitions by using the references compressed with the 
QF = 100, while Figures 4.8 (b), (d) and (f) is for the QF = 10. The experimental 
outputs shown in Figures 4.8 (a) and (b) show that besides the noisy correlation 
planes, the use of the reference compressed at the QF = 10 gives lower and broader 
correlation peak intensity than that of the QF = 100. This is because its information 
loss is more severe. When the noisy retina target is compressed with the QF = 40, the 
correlation peaks shown in Figures 4.8 (c) and (d) become higher than those in Figures 
4.8 (a) and (b), respectively, while the noise in the correlation planes reduces. This 
shows that the JPEG compression discards not only high spatial-frequency 
components of the retina image but also that of the noise. As a consequence, besides 
reducing the target ﬁle size, the compression simultaneously suppresses the noise. As 
the noise degradation corresponding to the second term of Eq. (4.5) reduces, the 
desired correlation peak increases.  
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(a)                                                                  (b) 
 
(c)                                                                 (d) 
 
(e)                                                                   (f) 
Figure 4.8 Experimental cross-correlation outputs of the uncompressed retina target 
corrupted by the weak noise (2 = 0.01) and the reference compressed 
with QF (a) 100 and (b) 10. Cross-correlation outputs of the same noisy 
retina target compressed with QF = 40 and the reference compressed with 
QF (c) 100 and (d) 10. Cross-correlation outputs of the same noisy target 
compressed with QF = 10 and the reference compressed with QF (e) 100 
and (f) 10. 
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However, although the noise can effectively suppressed by using the 
compression quality QF = 10, information loss of the target becomes more severe than 
obtained by the QF = 40. Therefore, the corresponding correlation outputs broaden 
and their peaks increase. 
Figure 4.9 shows the normalized PCDs of the noisy retina recognition as a 
function of the QF of the compressed reference for different target compressions. It is 
clear that the recognition performance of the CBJTC can be improved by the 
compressing the noisy targets with the compression QF = 40. It is important to note 
that the improved PCDs are almost equal to that of the autocorrelation generated by 
the classical JTC.  
 
Figure 4.9 The normalized PCDs of the noisy retina recognition (2 = 0.01) as a 
function of the QF of the compressed reference for different compression 
of the targets. 
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As the QF of the compressed reference images becomes smaller, information 
loss of the reference increases, lowering the PCDs. In accordance with the correlation 
results shown in Figures 4.8 (e) and (f), the correlation peaks generated by the 
compressing target with the QF = 10 broaden. Therefore, the corresponding PCDs are 
lower than the others. In summary, the improved recognition performance veriﬁes that 
the noise suppression of the retina recognition can be achieved by compressing target 
images at the appropriate QF. 
 
4.5  Compressed Retina Targets Corrupted By Strong Noise  
The experimental output correlations of the retina target corrupted by the noise 
2 = 1are shown as 3D plot in Figure 4.10. They were generated by using the same 
references compressed with the QF = 100 and 10. Figsure 4.10 (a) and (b) shows the 
recognition outputs of the noisy target without the compression. The correlation peaks 
are hard to be observed, because the second term of Eq. (2.12) degrades severely the 
desired correlation term. Therefore, when the noisy target is compressed with the 
QF = 40, the correlation peaks shown in Figures 4.10 (c) and (d) emerge as a result of 
the noise suppression. However, due to the severe noise degradation, their peak 
intensities are much lower than those shown in Figure 4.8. When the retina reference 
is compressed with the smaller QF, the dissimilarity between the target and the 
reference widens. Consequently, the cross-correlation peak shown in Figure 4.10 (d) 
broadens and is lower than that in Figure 4.10 (c). Figures 4.10 (e) and (f) show that 
the improvement of the recognition performance obtained by compressing the noisy 
target with the QF = 10.  
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(a)                                                                       (b) 
 
(c)                                                                   (d) 
 
(e)                                                                   (f) 
 
Figure 4.10 Experimental cross-correlation outputs of the uncompressed retina target 
corrupted by the strong noise (2 = 1) and the reference compressed with 
QF (a) 100 and (b) 10. Cross-correlation outputs of the same noisy target 
compressed with QF = 40 and the reference compressed with QF (c) 100 
and (d) 10. Cross-correlation outputs of the same noisy target compressed 
with QF = 10 and the reference compressed with QF (e) 100 and (f) 10. 
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The correlation peaks are higher than those obtained by the compression with the 
QF = 40. This reveals that the noise can be further suppressed by using the 
compression with the QF = 10. This can be understood in terms of spatial-frequency 
components of the strong noise which is higher than that of the weak noise. To 
suppress this noise, the compression of the target with smaller QF is required. 
 
 
Figure 4.11 The normalized PCDs of the noisy retina recognition (2 = 1) as a 
function of the QF of the compressed reference for different 
compression of the targets. 
 
 Figure 4.11 shows the normalized PCD of the recognition of the retina target 
corrupted by the noise as a function of the QF of the compressed reference for 
different QF of the target. When the target is not compressed, its normalized PCD is 
very low of about 0.4 and is almost constant with respect to the QF of the reference.  
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This is in agreement with the correlation outputs shown in Figures 4.10 (a) and (b) 
whose peaks are buried in the noise. As a result of the noise suppressions by the target 
compression, the recognition performance can be improved. In contrast to the previous 
result, the compression with the QF = 10 gives higher PCDs, because its ability to 
discard effectively higher spatial-frequency contents of the noise. Therefore, 
regardless of the noisy level, the compression of the noisy target with appropriate 
quality can improve the recognition performance of the CBJTC. 
 
 
 
 
 
 
 
 
 
 CHAPTER V 
JOINT-WAVELET TRANSFORM CORRELATOR 
 
In order to improve the retina recognition performance, the CBJWTC is 
developed by incorporating the WT into the CBTC. In the CBJWTC, a set of wavelet 
filters generated from the Mexican-hat wavelet function is used to modulate the JPS. As 
a result of spectral localization, better correlation performance can be produced. The 
optical implementation of the retina recognition by using the CBJWTC is discussed in 
Sect. 5.1, while its experimental verifications are presented in Sect. 5.2. 
 
5.1  Optical Implementation of the CBJWTC 
A schematic diagram of an optical setup for implementing the retina 
recognition by using the CBJWTC is the same as the one shown in Figure 4.1. The 
JPEG-compressed references ),( yxrC  and a set of the dilated filters are stored in a 
computer system. The JPS of the compressed-retina target ),( yxtC  and reference 
),( yxrC  given by  
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Is digitally modulated by the Mexican hat filter .),(
2
vauaH yx  The modified JPS 
becomes 
 
     
       
           
            )2.5(.4exp,,4exp,,
4exp,,4exp,,
,,,,
,,,),(
),(),(),(
0
*
0
*
0
*
0
*
**
2222
22
uxjvuRvuNuxjvuNvuR
uxjvuRvuTuxjvuTvuR
vuNvuTvuNvuT
vuNvuTvuRvauaH
vuGvauaHvuO
CCCC
CCCC
CCCC
CCCyx
yx







 
 
By redisplaying the modified JPS onto the EASLM, the Fourier transformation by the 
lens L1 gives the wavelet based correlation output at the back focal plane as  
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is detected by the CCD camera. Here,  ,,, yxaW
Cr
  yxaW
Ct
,,  and  yxaW
Cn
,,  are 
the WTs of the compressed reference, target and noise, respectively. The last four 
terms of Eq. (5.3) can be expressed as 
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The first term of Eq. (5.4) is the desired WT correlation of the compressed reference 
and the input target. The second one is the unwanted correlation of the compressed 
reference and the compressed noise. Since the both terms appear at the same position, 
the desired correlation term may be corrupted by the unwanted term. Equation (5.4) 
implies that besides dependence upon the image qualities of the compressed reference
 ,, yxrC  target  yxtC ,  and noise  ,, yxnC  the correlation output is determined by the 
dilation factor a . 
 
5.2  Experimental Verifications 
Experimental verifications of the noisy retina recognition were performed by 
using the wavelet filters generated with MATLAB software. The experimentally 
generated JPS in Chapter IV was digitally modulated by the wavelet filter 
.),(
2
vauaH yx  Figure 5.1 shows the JPS of the noise-free target and the reference 
which were compressed by the same QF = 10. To have better insight on the effect of 
the wavelet filter on the high frequency components of the JPS, zero-order spectra of 
the JPS is subtracted and a binarization is applied to the resultant JPS. Figures 5.1 (a), 
(b) and (c) show the effect of the wavelet filtering on the JPS by using the dilation 
factor ,1a  2 and 4, respectively. In comparison with the JPS of the same noise-free 
retina images shown in Figure 4.4, it obvious that when the dilation factor a is unity, 
the broad high-spatial frequencies of the fringe pattern is enhanced. Whereas, the large 
dilation factor 4a  causes the enhancement of the narrow band of the low-spatial 
frequency components. Since this frequency band is narrower than that of the dilation 
,1a  its impulse response becomes broader. By using this frequency spectral 
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localization property, the correlation performance of Eq. (5.3) can be improved 
according to an appropriate dilation. Figure 5.2 shows the variation of the normalized 
PCDs of the retina target recognition as a function of the wavelet dilation factors. It is 
apparent that almost all of the normalized PCDs can be optimized by using the single 
wavelet filter dilated at .2a  Their maximum values are greater than 2. When the 
dilation factor is smaller or greater than ,2a  the normalized PCDs decreases. This is 
because these wavelet filters do not enhance the desired edge features of the retina 
images. 
 
Figure 5.1 The modulated JPS of the compressed noise-free target (QF = 10) and the 
compressed reference (QF = 10) in situation that the wavelets are dilated 
at (a) ,1a  (b) 2a  and (c) ,4a  respectively. 
                          (a)                                                            (b) 
                                                             (c)                                                                   
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The recognition performance of the CBJWTC becomes lower than the classical JTC 
when the filter dilation increases to be greater than ,4a  because according to 
Figure 5.1 the dilated filter does not localize any fringe information. 
 
Figure 5.2 Normalized PCDs of the retina recognitions as a function of the dilation 
factors. 
 
5.2.1  Noise-free retina targets 
In Figures 5.3 (a) and (b), the cross-correlation outputs of the compressed 
noise-free targets with QF = 40 and the reference compressed with the QF = 10 were 
obtained by using the wavelet filters dilated at 2a  and ,4a  respectively. In 
comparison with the correlation output obtained by using the CBJTC shown in 
Figure 4.6, the recognition of the proposed method gives higher and sharper 
correlation intensity peaks. This result also shows that due to the dilation effect, the 
correlation peak intensity in Figure 5.3 (a) is higher and sharper than that Figure 5.3 
(b). In the case of the small dilation factor 2a  which gives the filter with high 
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center frequency, the high spatial frequency components of the JPS are localized. As a 
result, the desired features of the retina images such as edges are enhanced, yielding a 
sharp correlation peak. In contrast, the large dilation factor 4a causes the filter with 
a lower center frequency and narrower bandwidth. Since less frequency component of 
the JPS is enhanced, this filter produces lower and broader correlation peak. Figures 
5.3 (c) and (d) show the 3D correlation outputs of the compressed retina targets (QF = 
10) by using the same compressed reference and the wavelet filters. In comparison 
with the Figures 5.3 (a) and (b), the correlation peaks shown in Figures 5.3 (c) and (d) 
are slightly higher. This is caused by the fact that the target matches to the reference 
which corresponds to the autocorrelation of the compressed retina images with the QF 
= 10. The normalized PCDs of the compressed noise-free retina recognitions obtained 
by using the CBJWTC as a function of the QF of the compressed reference for the 
different dilation factors is shown in Figure 5.4. It can be seen that the normalized 
PCDs of the compressed retina target detection by using the wavelet filters dilated at 
a 1, 2 and 4 become greater than 1 for the whole compression quality of the 
reference images. It obvious that when the dilation factor a 2, the normalized PCDs 
can be optimized to be higher than 2, regardless of the compression QFs. As shown in 
Figure 5.2, the other dilation factors give lower PCDs. It is important to note that the 
dilation a 1 has lower PCDs than a 4. This is because the retina images contain 
mainly low frequency components. Therefore, unlike the dilation factor a 4, there is 
no high-frequency spectral enhancement by the wavelet filter dilated at a 1. 
Furthermore, it can be seen that for the wavelet dilation factor a 4 the normalized 
PCDs of the noise-free target compressed with the QF = 40 is slightly higher than that 
compressed with the QF = 10. This is because the target compression with the 
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QF = 40 contains more high-spatial frequency components than that of the 
compressed with QF = 10. This is implies that the detections are still dependent upon 
the compression of the retina target. 
 
(a)                                                                (b) 
 
(c)                                                                 (d) 
 
Figure 5.3 3D retina recognition outputs obtained by using the CBJWTC. Cross-
correlation outputs of the compressed retina targets (QF = 40) and the 
compressed reference (QF = 10) in situation that the wavelets are dilated 
at (a) 2a  and (b) ,4a  respectively. Auto-correlation outputs of the 
compressed targets (QF = 10) and the same compressed reference 
obtained by the wavelets dilated at (c) 2a  and (d) ,4a  respectively. 
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Figure 5.4 The normalized PCDs of the compressed retina target detection (QF = 10) 
as a function of the QF of the compressed reference for different dilation 
factors. 
 
In summary, the noise-free retina recognition by using the CBJWTC has better 
recognition performance than the conventional JTC for the whole compression quality 
QF. Thus, the dependency of its recognition performance on the reference 
compression is minimized. 
 
5.2.2  Retina targets corrupted by weak noise 
Figure 5.5 shows the 3D recognition outputs of the compressed retina targets 
corrupted by the weak noise with variance .01.02   The reference and the target are 
compressed with the QF = 10 and 40, respectively. In Figures 5.5 (a) and (b), the 
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cross-correlations were preprocessed by using the wavelet filter with the dilation 
factors 2a  and ,4a  respectively. While the recognitions of the noisy targets 
compressed with the QF = 10 and preprocessed by using the same wavelet filters are 
shown in Figure 5.5 (c) and (d), respectively. It can be clearly seen that the correlation 
peaks of the retina target corrupted by weak noise ( 01.02  ) are higher and sharper 
than those of the CBJTC shown in Figure 4.8. This is because the wavelet filter can 
enhance the desired high spatial frequency components the compressed target and 
reference images. Due to its higher center frequency, the use of the wavelet filter 
dilated at 2a  gives higher and sharper correlation intensities peak than those by the 
wavelet filter dilated at .4a  Finally, for the same dilation factor the compression of 
the noisy targets by using the QF = 40 causes higher correlation peak and less noise in 
the correlation plane. This is in agreement with the noise suppression results discussed 
in Chapter IV. 
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(a)                                                                   (b) 
 
(c)                                                                 (d) 
 
Figure 5.5 3D retina recognition outputs obtained by using the CBJWTC. Cross-
correlation outputs of the compressed target corrupted by weak noise 
( ,01.02   QF = 40) and the compressed reference (QF = 10) in situation 
that the wavelets are dilated at (a) 2a  and (b) 4a , respectively. 
Cross-correlation outputs of the compressed targets (QF = 10) and the 
same compressed reference obtained by the wavelets dilated at (c) 2a
and (d) ,4a  respectively.  
 
The normalized PCDs of the noisy target recognitions by using the CBWJTC 
as a function of the QF of the compressed retina references are shown in Figure 5.6. It 
can be clearly seen that the normalized PCDs are always greater than 1. Its maximum 
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value is slightly smaller than 2.1 when the wavelet is dilated with the actor 2a . 
Since this is the dilation factor which can enhance the desired feature of the retina 
images, the other dilation factors gives less significant improvement for the whole 
compression quality QF. 
 
 
Figure 5.6 The normalized PCDs of the retina targets corrupted by the weak noise 
with variance 01.02   as a function of the QF of the compressed 
reference for different dilation factors.  
 
In comparison with the noise-free retina recognition obtained by using the 
CBJWTC, the normalized PCDs are slightly lower due to the presence of the weak 
noise. This corresponds to the contribution of the second correlation term of Eq. (5.3.) 
While the effect of the noise suppression done by compressing the target with the 
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QF = 40 can be clearly observed when the dilation factor a 2. This verifies that the 
JPEG compression can discard the frequency components of the additive noise. 
In summary, the CBJWTC can improve the recognition of the retina target 
corrupted by the weak noise. The wavelet filter dilated at a 2 can be used to 
optimize the recognition performance. For the same dilation factor, the compression of 
the noisy target with the QF = 40 can suppress significantly the noise. 
 
5.2.3  Retina targets corrupted by strong noise 
Figure 5.7 shows the 3D plot of the recognition outputs of the compressed 
retina targets corrupted by the strong noise with variance .12   The recognition is 
done by the same reference compressed with the QF = 10 and the same dilation 
factors. In Figures 5.7 (a) and (b), the correlation outputs of the noisy targets 
compressed with the QF = 40 were obtained by using the wavelet filter dilated at 
2a and ,4a  respectively. While Figures 5.7 (c) and (d) correspond to the 
recognition of the noisy targets compressed with the QF = 10. It can be seen that the 
correlation peak intensities obtained by using the wavelet filter dilated at 2a  shown 
in Figures 5.7 (a) and (c) are higher and sharper than those of the dilation 4a  shown 
in Figures 5.7 (b) and (d). This is in agreement with the results of the noise-free and 
the noisy ( 01.02  ) retina target recognitions discussed in Sects. 5.2.1 and 5.2.2, 
respectively. Although Figures 5.7 (a) and (b) show that the correlation peaks are 
higher than that Figures 5.7 (c) and (d), the noises in their correlation planes are also 
higher. This is because the JPEG compression of the target with the QF = 40 cannot 
suppress effectively the strong noise compared with the QF = 10. 
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(a)                                                                 (b) 
 
(c)                                                                (d) 
 
Figure 5.7 3D the retina recognition outputs obtained by using the CBJWTC. Cross-
correlation outputs of the compressed the target corrupted by the strong 
noise ( ,12   QF = 40) and the compressed reference (QF = 10) in 
situation that the wavelets dilated at (a) 2a  and (b) ,4a  respectively. 
Cross-correlation outputs of the compressed retina targets (QF = 10) and 
the same compressed reference obtained by the wavelets dilated at (c) 
2a  and (d) ,4a  respectively.  
 
In comparison with the recognition of the retina target corrupted by the weak 
noise, these correlation peak intensities are higher at the same dilation factor .2a  
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This may be caused by the presence of high-spatial frequency components of the 
strong noise which increases the contribution of the second term of Eq. (5.3.)  
 
Figure 5.8 The normalized PCDs of the retina targets corrupted by the strong noise 
with variance 12   as a function of the QF of the compressed reference 
for different dilation factors. 
 
Figure 5.8 shows the normalized PCDs of the retina target corrupted by the 
strong noise as a function of the compressed reference QF for different dilation 
factors. It is obvious that although the retina target is corrupted by the strong noise, the 
wavelet filter can still improve the recognition performance for the whole compression 
quality. As a consequence, the maximum normalized PCDs reduce to about 2 when 
the dilation factor a equals to 2. Although the other dilation factors give lower values, 
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they are still greater than unity. This verifies that the retina recognition by using the 
CBJWTC is robust to the noise. For the dilation ,2a  the difference between the 
PCDs obtained by compressing the retina target with the QF = 40 and 10 becomes 
smaller. This is because the compression with the QF = 40 cannot suppress the noise 
as effective as the QF = 10. Consequently, its PCDs decrease. On the contrary, the 
PCDs due to the compression with the QF = 10 becomes higher. Thus, their 
differences become smaller. 
In summary, the CBJWTC can improve the recognition of the retina target 
corrupted by the strong noise ( 12  ). The use of the wavelet filter with the dilation 
factor 2a  can maximize the recognition performance for the whole compression 
quality of the reference images. Regardless of the noise level, the CBJWTC 
performance is always better than the conventional JTC. 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER VI 
CONCLUSIONS 
 
 In this thesis work, the retina recognition by using the CBJTC has been 
experimentally studied. The first part of the work studied the effects of the JPEG 
image compression on the noisy retina recognition, whereas the second part proposed 
the improvement of the retina recognition by incorporating the wavelet filters into the 
CBJTC. The work was done by recording retina images using the non-mydriatic auto 
fundus camera (Nidek AFC-210). Different level of Gaussian noise generated by 
Matlab 6.0 were added to the retina target images. The resultant retina targets were 
then compressed into the JPEG format by using ACDsee software (The 2000 ACD 
systems, Ltd.). The recognition performance was quantitatively evaluated by using the 
normalized PCD. The normalization by using the PCD of the autocorrelation of the 
noise-free retina image was done in order to compare with the performance of the 
classical JTC. 
 
In Chapter III, the retina images were compressed into the JPEG format with 
various compression qualities represented by the QF. The effect of compression on 
image quality was measured by using the PSNR. The results show that the PSNR 
reduces as the QF becomes small. This is because more information loss due to the 
images compression. 
 
 In Chapter IV, the noise suppression in the retina recognition by using the 
CBJTC has been experimentally verified by using target images with different noise
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levels. Although the experimental results show that the noise suppression can be done 
by the JPEG compression of the target, the performance of the retina recognition by 
using the CBJTC is lower than that of the classical JTC. The optimization of the 
recognition performance can be obtained by choosing appropriate value of the QF 
such that the stronger the noise, the smaller the compression QF. It is worth 
mentioning that in the case of the weak noise suppression, the improved recognition 
performance can be as high as that of the classical JTC. 
 In Chapter V, a new method for improving the retina recognition by using the 
CBJWTC has been proposed and experimentally verified. In the CBJWTC, the JPS 
was modulated by the wavelet filters dilated at appropriated dilation factor. This 
corresponds to the correlation of the wavelet-transformed retina target and reference 
images. The experimental results show that the performance of the retina recognition 
by using the CBJWTC can be improved, yielding better recognition performance than 
the conventional JTC for the whole compression quality QF. The use of the wavelet 
filter with the dilation factor 2a can maximize the detection performance to be 2 
times higher than the classical JTC.  
 As for future work, we are interested in continuing studies of multiple retina 
recognition by using the proposed CBJWTC. Instead of sequentially performing single 
target recognition, simultaneous multiple-recognition offers faster processing time. 
However, due to limited space-bandwidth product of commercially-available 
EASLMs, an optical implementation of the multiple retina recognition will be a 
challenge. 
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